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By William 1. Beede and Joseph R. Withee, Jr.

SUMMARY

As part of the performance investigation of compressors for
the J33 turboJjet engine, the A-2]1 model and the A-23 model with a
17- and a 34-blade impeller were operated wilth water injection at
their respective design equivalent speeds of 11,500 and 11,750 rpm.
Inlet conditions of pressure of 14 inches of mercury absolute and of
ambient temperature correspond to those of the investigation of
these models without water injection. The water-air ratio by
welght ranged from 0.05 to 0.08.

By the use of water injection, the pesak pressure ratlo of the
A-2]1 compressor and the A-23 compressor with a 34-blade impeller
increagsed approximately 0.38, wherseas that of the A-23 campressor
with a 17-blade impeller increased only 0.14. The decrease in
maximum efficiency for the three compressors ranged from 0.12 to
0.14. The highest increase in maximum equivalent welght flow of
air plus weight flow of water was 10.90 pounds per second obtained
with the A-21 campressor. The increase in alr weight flow alone
was approximately 5.70 pounds per second for the A-21 compressor
and the A-23, 17-blade compressor, which exceeded the increase of
3.15 pounds per second for the A-23, 34-blade campressor.

INTRODUCTION

At the request of the Air Materiel Cammand, U. S, Air Force,
an investigation wes conducted at the NACA Iewis laboratory to
determine the performance characterisitcs of a series of J33 turboJjet-
engine compressors. Standard performance data without® water inJjection
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for the A-21 model compressor and the A-23 compressor with a 17~
and a 34-blade impeller are reported in references 1, 2, and 3,
respectively.

The results of an investigation with water inJection at the
design equivalent speeds of each compressor and inlet pressure of
14 inches of mercury absolute and ambient inlet temperature are
presented hergin. These conditions are the same as those for
operation without water inJection and permit direct comparison
of results. The water-air ratio by welght ranged from 0.05 to
0.06.

APPARATUS AND PROCEDURE

Apparatus. - The apparatus and the instrumentation are the
same as those described in reference 1 with the following additions
for water injJection: (1) conventional water-alcohol spray nozzles,
(2) standard A.S.M.E. flat-plate orifice to measure water flow, and
(3) wattmeter for measuring power input to variable-frequency
induction motor.

Procedurs. - The model A-21 and A-23 compressors were operated
at an inlet pressure of 14 inches of mercury absolute, ambient inlet
temperature, and their respective design equivalent speeds of 11,500
and 11,750 rmm. These operating conditions are the same as those
used in the investigations without water inJjection (references 1 to 3)
in order to permit direct comparison of data. The water-air ratio
by weight ranged from 0.05 to 0.08.

Computations. - The large variation in the compressor-cutlet
temperatures with water injection mede it impossible to determine
the actual energy absorbed by the working fluid by thermodynamic
methods (reference 4). The actual (not corrected to standard sea-
level conditions) power absorbed by the campressor was therefore
determined by measuring the power input to the motor and allowing
for the losses 1n the motor, the gear box, and the assembly. The
validity of this method was checked by computing the actual energy
absorbed by the working fluid from performance data of these
three compressors without water injectlon. The percentage deviation
in power is defined as the difference between the horsepower
determined by computing the actual energy absorbed by the working
fluid and the horsepower determined by measuring the power input
to the motor without water injection divided by the horsepower
determined by computing the actual energy absorbed by the working
fluid. The results obtained by the two methods are presented in
figure 1.
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The compressor efficiency with water inJjection 1s the ratioc of
the isentroplc work, which is found by using the enthalpy rise for
an isentropic process (determined by the method presented in ref-
erence 4), and the actual work determined by power-input measure-
ments. Throughout this investigation, the humldity of the inlet
alr with water inJjection is low and its effect on efficiency is
small enough to be neglected.

Precision. -~ The precision of the measurements 1s estimated to
be within the followling limits:

Tomperature, OF « « « + « « o « o + o o o s o o o o o . s . 0.5
Pressure, inches mercury absolute . . . . . . . . «. . « . . *0.04
Speed, percent. . .« . ¢ « « o ¢ o 4 e e e s e s e s« . o . F0.3
Alr welght flow, percent . . . . ., . . . . ¢« ¢« .+ . « .« . . *1.0
Water weight flow, percent. . . . . . « . . . ¢« « ¢« ¢« ¢ . . =1.0

From figure 1, a deviation between the actual powsr absorbed
a3 computed by the two methods 1s apparent. This deviation is
reflected in the efficlency computations and must be considered 1f
absolute accuracy is desired. The computation of efficiency of the
A-21 compressor with water injection can be as much as 0.015 too
high. The efficiency computation of the A-23, 17-blade and
34-blade compressors can be as much as 0.010 and 0.018 too high,
respectively.

RESULTS AND DISCUSSION

The effect of water injection on the performance of the three
compressors 1s shown in figure 2. The equivalent weight of air flow
plus the welght of water flow is termed '"totel welght flow." Repre-
sentative changes in the principal variables are given in the follow-
ing table:

Compressor| Increase| Decrease| Increase in | Increase in| Increase in
in peak | in maxi-|maximum total maximum air
pressure| mm ef- | total welght flow!| flow
ratio ficiency|weight flow | at surge (1v/ | (per-

- | point t)
(1v/ |(per gec) | cen
sec) |cent) | (1b/ |(per-
| _ e sec) |cent)
A-21 0.38 0.12 10.90(13.00 § 8.05|10.80| 5.65| 6.73
A-23
17-blade 14 .14 (10.75412.21 |13.70|16.93| 5.75| 6.54
A-23
34-blade 37 .13 7.90| 8.66 | 7.20| 8.80| 3.15 | 3.43
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The large decrease in efficlency with water Injection reflects the
effects of both the aerodynamic compression process and the evapo-
rative cooling. Because of the change in velocities of the mixture
through the compressor with water inJection, a compressor designed
for optimum performance without water inJjection does not neceasarily
operate at peak performance with water injection. With water
injection the compressor is also chargsd for all losses that might
result from improper methods of inJjection. The increase in pressure
ratio results from an effective increese in the compressor speed

due to the cooling of the air by the water injected, the magnitude
of the pressure ratio increase being dependent on the efficiency

of the process. The Increase in equivalent welight flow of air

alone is due to the Increase in denslty resulting from the cooling
of the air by the water injected and from the increase in compressor
pressure ratio. ’

The performance of the three compressors wlth water injection
is compared in figure 3. The peak pressure ratio of the A-23,
17-blade compressor and the A-21 compressor was 0.32 and 0.47 lower,
respectively, than that of the A-23, 34-blaede compressor. The
maximum efficiency of the A-23, 17- and 34-blade compressors are
approximately equal and the efficlency of the A-21 compressor is
approximately 0.04 lower than that of the A-23, 34-blade compressor.

The variation of specific power required with and without
water injection where the specific power 1s defined as the actual
horsepower required divided by the actual total welight flow is shown
in figure 4. With water inJjection, the specific power increased
3 to 7 percent for the A-21 compressor and 1 to 2 percent for the
A-23, 34-blade compressor. The speciflc power decreased slightly
for the A-23, 17-blade compressor. The change in specific power
with water injection 1s apparently the result of changes in the
flow charactgristics through the impeller passages.

SUMMARY OF RESULTS

An investigation of the performence of the J33-A-21 and J33~
A-23 turbojet-engine compressors with water inJjection produced the
following results:

1. The peak pressure rstio of the A-21 compressor and the
A-23 compressor with 34-blade impeller Increased approximately 0.38,
whereas for the A-23 compreassor with 17-blade impeller the increase
was only 0.14.
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2. Water injection decreased the maximum efficiency for the
three compressors 0.12 to 0.14.

3. The increase in maximum total weight flow ranged from
7.90 pounds per second for the A-23 compressor with a 34-blade
impeller to 10.90 pounds per second for the A-21 compressor. The
increase in maximum air flow alone ranged from 3.15 pounds per
gecond for the A-23 compreasor with 34-blade impeller to approxi-
mately 5.70 pounds per second for the A-21 compressor and the A-23,

17-blade compressor.

4. With water inJection the apecific power increased 3 to
7 percent for the A-21 compressor end 1 to 2 percent for the A-23

compressor with 34-blade impeller.

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, March 30, 1949

MMZ’. BOecde

William L. Beede,
Aeronautical Research Scientist.

“Joséph R. Withee, Jr., >O

Aeronautical Research Scientist.

Approved :
Robert 0. Bullock,
Aeronatucail Research Scientist.

Oscar W. Schey,
Aeronatuical Research Scientist.
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Figure |. - Power determination of J33 compressors
without water injection at inlet pressuvre of i4
inches of mercury absolute and ambient inlet

temperature.



Pressure ratio

Adiabatic efficiency

" NACA RM SE9GI3

5_
o1 | O T——
\3\
4l o , \ )
h OO
™ »
3 PR ]
o
o
oL 4
.75, - S —
.65 f-—-— |- - ﬂ\F B
—_|
O With water in- .
551 jection; water- - ' ‘ o
air ratio, 0.05
o to 0.06
O Without water °
45+ injection —
(reference I)
o
: o - -
.35 do. e R, S - .
70 75 80 85 20 95 100
Total weight flow, lb/sec
(a) A-21 compressor; equivalent design speed, 11,500 rpm.
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water injection,
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Continued.

Performance of J33

compressors with and without water in-

jection.
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Figure 2. - Concluded. Performance of J33
compressors with and without water in-

jection.
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Figure 3. - Performance of J33 compressors
with water injection at equivalent

design speeds.



——— |

=z

p-d

O

>

{ 1 I T I I | ; r f ' ' l ! P

‘ Compressor Water-air ratio ' : : ! i ; »

' : ! m

0 A-21 0.05-0.06 8

O A-23, I7-blade 0.05 e
—A A-23, 34-blade 0.05 ~ ; - f

With water injection

______ Without water injec-

tion

O
/
ar
;/
/

. — . i

@ , \\dm\ - \" \\\

: N N SV NI N ™

a : i | | | | e ‘ | i

0 | ; j\\D ! } oN° {l\\

2 122 l - i T N

“ o N

- Of — —|= — 99— — +— — —0—9 e
0~

[}

a

0

72 76 . 80 84 88 92 96 100
Totai weight flow, Ib/sec

Figure 4., -~ Specific power absorbed by compressor with and without water
injection at inlet pressure of 14 inches of mercury absolute and
ambient inlet temperature.

2l



| )|H|ll\)l|HlIHlINNI\llIl(IHN||||Hll)llliHIllHI\HIlﬂl

| 311760





